Acute kidney injury (AKI) is a frequent complication of cardiac surgery and increases morbidity and mortality. The identification of reliable biomarkers that allow earlier diagnosis of AKI in the postoperative period may increase the success of therapeutic interventions. Here, we conducted a prospective, multicenter cohort study involving 1219 adults undergoing cardiac surgery to evaluate whether early postoperative measures of urine IL-18, urine neutrophil gelatinase-associated lipocalin (NGAL), or plasma NGAL could identify which patients would develop AKI and other adverse patient outcomes. Urine IL-18 and urine and plasma NGAL levels peaked within 6 hours after surgery. After multivariable adjustment, the highest quintiles of urine IL-18 and plasma NGAL associated with 6.8-fold and 5-fold higher odds of AKI, respectively, compared with the lowest quintiles. Elevated urine IL-18 and urine and plasma NGAL levels associated with longer length of hospital stay, longer intensive care unit stay, and higher risk for dialysis or death. The clinical prediction model for AKI had an area under the receiver-operating characteristic curve (AUC) of 0.69. Urine IL-18 and plasma NGAL significantly improved the AUC to 0.76 and 0.75, respectively. Urine IL-18 and plasma NGAL significantly improved risk prediction over the clinical models alone as measured by net reclassification improvement (NRI) and integrated discrimination improvement (IDI). In conclusion, urine IL-18, urine NGAL, and plasma NGAL associate with subsequent AKI and poor outcomes among adults undergoing cardiac surgery. (Clinical Trials.gov number, NCT00774137).
chronic kidney disease and premature death. 4, 5 Despite decades of research, no therapy has proven effective for human AKI. The failure ofpriorinterventionaltrialshasinpartbeenattributedtodelaysinthe diagnosis of AKI on the basis of early changes in serum creatinine. 6 When the serum creatinine increases by 100% or more, it is obvious a patient has AKI, but this rise occurs days after the initial injury. 7, 8 In addition, serum creatinine is a measure of clearance rather than of direct kidney injury, and small increases may occur for reasons other than injury. Large consensus conferences have called for a better clinical paradigm that detects AKI earlier and more reliably using new plasma and urine biomarkers. 9, 10 Two of the most frequently studied new promising AKI biomarkers to date are IL-18 and neutrophil gelatinase-associated lipocalin (NGAL). 11 Previous studies demonstrate that these biomarkers are released into the urine at the time of renal tubular injury. 7, 12, 13 Plasma NGAL has also demonstrated encouraging early results in several studies. 7, 14 We conducted a large, prospective, multicenter cohort study of adult patients receiving cardiac surgery to evaluate whether early, postoperative measures of urine IL-18, urine NGAL, or plasma NGAL could identify which patients would develop AKI and other adverse patient outcomes.
RESULTS

Characteristics of the Study Cohort
Westudied1219participants(Figure1).Theaverageagewas71years and 68% were men. Most surgeries were elective (79%) and utilized cardiopulmonary bypass (90%). The mean preoperative estimated GFR (eGFR) was 67 ml/min per 1.73 m 2 ( Table 1) . Sixty of 1219 participants (5%) developed AKI as defined by receipt of acute dialysis or doubling of serum creatinine at a median of 3 (interquartile range [IQR] 2 to 4) days after surgery. Eighteen patients (1.5%) received acute dialysis and 20 (1.6%) died before discharge. Patients who developed AKI were more likely to have a history of congestive heart failure, undergo combined coronary artery bypass graft (CABG) and valve surgery, have longer cardiopulmonary bypass time, and require a postoperative intra-aortic balloon pump and they had a higher preoperative serum creatinine (Table 1) .
Traditional Biomarker Patterns and Performance
Median preoperative serum creatinine was 1.1 mg/dl (97 mol/L) (IQR 0.9, 1.4 mg/dl) in those with AKI and 1.0 mg/dl (88 mol/L) (IQR 0.9, 1.2 mg/dl) in those without (P ϭ 0.04). The AUC of preoperative serum creatinine for AKI was 0.57 (SEM 0.03). Quintiles of preoperative serum creatinine were not associated with the risk of AKI. The first postoperative serum creatinine was equal to or lower than the baseline creatinine in 60% of the cohort. The proportion of patients with postoperative oliguria was higher in those with AKI; however, the incidence of oliguria was low (Table 1) . Average urine output per hour on the day of surgery was not associated with the risk of AKI; the AUC of postoperative urine output for the diagnosis of AKI was 0.59 (SEM 0.04) and was 0.72 (SEM 0.04) for the first postoperative serum creatinine.
Biomarker Results and Postoperative Risk of AKI
The first postoperative samples (0 -to 6-hour time point) were collected at a median of 0.25 (IQR 0.1 to 0.5) hours after arrival to the intensive care unit (ICU). In patients with AKI, urine IL-18, urine NGAL, and plasma NGAL peaked at the first collection. Median levels of all three biomarkers were higher in those with AKI than those without AKI at each time point (Figure 2 and Supplementary Table 2) .
Associations of the first postoperative biomarker measure (quintiles of urine IL-18, urine NGAL, plasma NGAL) with the risk of AKI are presented in Figure 3 . Quintiles of urine IL-18, urine NGAL, and plasma NGAL had a graded relationship with the risk for AKI (P value for trend Ͻ0.001).
After adjustment for center and for clinical variables, the highest quintiles of urine IL-18 and plasma NGAL were associated with a 6.8-fold (95% confidence interval [CI] 1.9 to 24.3) and 5-fold (95% CI 1.6 to 15.3) adjusted odds when compared with the lowest quintile, respectively, for the development of AKI ( Table 2) . None of the quintiles of urine NGAL were independently associated with AKI.
Biomarker Results and Nonrenal Outcomes
The average lengths of stay in the ICU and in the hospital for the entire cohort were 3.4 days (SD 8) and 8.5 days (SD 10), respectively. Urine IL-18, urine NGAL, and plasma NGAL were all linearly associated with a composite outcome of inhospital death or dialysis and the length of hospital and ICU stay after adjustment for other prognostic factors (Table 2) . Eighteen percent of patients with AKI died, and 1% of patients without AKI died (P Ͻ 0.001).
Diagnostic Testing (Area under the Curve)
The area under the receiver-operating characteristic curve (AUC) for the clinical model using pre-and intraoperative variables for AKI was 0.69 (SEM 0.04). The AUC for each bio- marker for the detection of AKI is shown in Figure 4 . When added to the clinical model, urine IL-18 improved the AUC to 0.76 (P ϭ 0.03) and plasma NGAL also improved the AUC to 0.75 (P ϭ 0.01). Urine NGAL did not improve the AUC above that of the clinical model ( Table 3 ). The AUCs of the biomarkers at 0 to 6, 6 to 12, and 12 to 18 hours as well as at day 2 are shown in Supplementary Table 4a . Various combinations of CLINICAL RESEARCH www.jasn.org the biomarkers were simultaneously able to increase the AUC to a maximum of 0.77 (Supplementary Table 4b ).
Risk Prediction (Net Reclassification Improvement and Integrated Discrimination Improvement)
To evaluate the improvement of risk prediction with the addition of biomarkers to the clinical model, we determined the net reclassification improvement (NRI) and the integrated discrimination improvement (IDI) indices. We initially categorized all participants as being at low (Ͻ3%), intermediate (3% to 10%), or high (Ͼ10%) AKI risk on the basis of a prediction model that incorporated all clinical variables and risk categories.
Urine IL-18 provided improved risk prediction over the pre-and intraoperative clinical models alone: NRI 0.25 (P ϭ 0.01), IDI 0.02 (P ϭ 0.002) ( Table 3 and Tables 4a-4c ). Plasma NGAL also improved risk prediction: NRI 0.18 (P ϭ 0.05), IDI 0.02 (P Ͻ 0.001). Urine NGAL did not improve risk classification after accounting for clinical variables.
Supplementary Analyses
When we repeated the analyses using urine-creatinine-corrected values for urine IL-18 (pg/mg) and urine NGAL (ng/ mg), there was no improvement in AUCs compared with the uncorrected results. We also examined the association between the first postoperative day biomarker value and the outcome of AKI within 5 days of surgery, but this analysis did not appreciably change the overall AUCs or biomarker associations. All of the results (quintile analyses, AUCs, NRI/IDI) were similar in magnitude and direction for a secondary outcome of mild AKI defined by a 50% increase in serum creatinine (data shown in Supplementary Tables 3 and 4 ). When we examined whether the discriminatory ability of biomarkers differed by patient characteristics (chronic kidney disease, oliguria, and diabetes), we found nonsignificant differences.
Finally, to study the utility of the biomarkers when postoperative variables were considered, we excluded the patients (n ϭ 24) who already developed mild AKI on the basis of the first postoperative value. When postoperative variables (such as urine output and postoperative creatinine) were added to the model, we observed the following: (1) the upper quintile of urine IL-18 was still independently associated with AKI (odds ratio 7.3 [95% CI 1.5, 34.9]) (Supplementary Table 5 ), but quintiles of plasma and urine NGAL were not significantly associated with AKI; (2) the AUCs were not improved signifi- cantly from the clinical models by any of the biomarkers; and (3) only the NRI for urine IL-18 was still significant for severe AKI (NRI 0.20, P ϭ 0.01).
DISCUSSION
For the past decade, there have been a host of investigations surrounding novel structural biomarkers of AKI because they may facilitate patient management and development of therapies. Most previous clinical studies of biomarkers for AKI were small in size, evaluated individual biomarkers, and were performed at single centers. The study presented here reports on three of the most frequently studied AKI biomarkers published to date with a broad participation of patients from many centers, and it evaluates several in-hospital outcomes after cardiac surgery. The findings of the previous studies over the last few years were mixed; thus, a study with large enough numbers to ascertain the utility of biomarkers has been uniquely needed.
In this multicenter cohort study of adults undergoing cardiac surgery, we confirmed the paradigm that markers of tissue injury-urine IL-18 and plasma NGAL-were associated with the development of AKI. A postoperative level of urine IL-18 Ͼ 60 pg/ml denoted Ͼ6-fold risk of AKI compared with patients in the lowest quintile, whereas a postoperative level of plasma NGAL Ͼ 293 ng/ml denoted a 5-fold risk of AKI. These two biomarkers modestly improved the accuracy for the diagnosis of AKI as seen by AUC results; however, the biomarkers strongly improved the risk prediction by 25% and 18%, respectively, when added to clinical models using pre-and intraoperative variables. However, unlike the previous studies, these biomarkers performed only modestly with the outcome of mild AKI, and urine NGAL was not independently associated with AKI after consideration of clinical variables. The first postoperative levels of urine IL-18, urine NGAL, and plasma NGAL did demonstrate graduated relationships with important clinical outcomes, including length of stay in the hospital, dialysis, and death during hospitalization. Our multicenter study is the largest AKI biomarker study performed to date and strengthens a new paradigm that immediate postoperative measurement of urine or plasma biomarkers of kidney injury can yield important prognostic information. However, similar to other validation experiences, the prognostic significance of these markers was less impressive than first reported. 15, 16 Although urine IL-18 and plasma NGAL were able to improve risk stratification for AKI, urine NGAL was not as effective in our cohort. Nonetheless, the ability of perioperative urine IL-18 and plasma NGAL to predict outcomes throughout hospitalization could lead to the novel clinical approach of detecting early structural kidney injury rather than the current clinical standard of relying on markers that reflect changes in glomerular filtration.
Urine IL-18 and NGAL are specific to kidney tubules and are biologic intermediates in the causal mechanisms of isch- CLINICAL RESEARCH www.jasn.org emia-reperfusion injury in the kidney. Both biomarkers are present at very low concentrations preoperatively, and their levels increase by severalfold in patients who develop AKI. IL-18, a known mediator of inflammation, is produced by proximal tubules and is activated by caspase-1; mice deficient in caspase-1 are protected from AKI because of impaired IL-18 processing. 12, 13 During ischemia-reperfusion injury in mice, the gene for NGAL is significantly upregulated in the kidney, and the protein is overexpressed in distal tubule cells. 17 Experimental studies indicate that AKI also results in a dramatic increase in NGAL mRNA and protein expression in distant organs such as the lungs and liver. 18 As an iron-transporting protein, NGAL may play a primary role in renal survival and recovery and has been used therapeutically in ischemia-reperfusion injury animal models. 19 Additional nonrenal contributions to the plasma NGAL in AKI may include activated neutrophils, macrophages, and other immune cells, all of which are pertinent to humans undergoing surgeries with cardiopulmonary bypass.
The diagnostic performance of the individual urine and plasma biomarkers as well as their combinations did not exceed an AUC of 0.77. This performance may in part be explained by the use of a doubling of serum creatinine as part of the primary AKI definition-a feasible but imperfect method to assess true kidney injury. In truth, meticulous animal and human studies with nephrotoxic agents causing AKI have demonstrated that the association between elevations in serum creatinine and biopsy-proven kidney injury is modest. 20 Rather, many novel biomarkers performed better than serum creatinine when histologic evidence of kidney injury was used as the reference standard. 21 Hence, the U.S. Food and Drug Administration and European Medicines Agency have accepted multiple rodent urinary and plasma biomarkers as surrogates for renal injury on histology and accepted these for evaluation of newer therapeutic agents. 22 We do not know with certainty whether the relative poor performance of the biomarkers in this study reflected the limitation of the biomarkers themselves or was again hampered by the nonspecificity of serum creatinine as a "gold standard" for AKI. As done with troponin and brain natriuretic peptide, proving associations with long-term outcomes such as chronic kidney disease and mortality will be useful to determine whether these new biomarkers should be adopted in routine clinical practice. 23 Although these biomarkers are associated with AKI and other important outcomes, their potential value could be to identify individuals who might benefit from specific interventions for AKI to prevent complications. Many treatments that have proven beneficial for animal AKI have not translated to humans. This has been attributed in part to limitations of serum creatinine measurements that may not identify true injury or identify injury when it is too late to intervene. An expanded therapeutic window could potentially be achieved for prospective therapies to treat AKI by using early measurements of these new urine and plasma biomarkers as inclusion criteria with biomarker cutpoints that possess very high specificity.
The improvement in risk prediction for AKI with biomarkers can also facilitate enrollment in new trials for AKI because the classification accuracy was not outstanding.
A strength of our study was that prospective complete specimen collection was performed under standardized conditions in consecutive patients undergoing cardiac surgery across multiple centers in the United States and Canada. AKI was defined according to modern AKI staging systems and as an end point useful for future therapeutic trials (RIFLE [Risk Injury Failure Loss End-Stage Kidney Disease] 24 [Injury] or Acute Kidney Injury Network [AKIN] stage 2). 25 This AKI end point that requires doubling of serum creatinine is also less prone to prerenal azotemia and fluctuations in baseline creatinine. However, there may have been patients with substantial tubular injury, but with a rise in serum creatinine Ͻ 100%, who were labeled and analyzed as no AKI (misclassification of outcome). In fact, although preclinical studies suggest strong biologic plausibility, we cannot be certain whether the associations between biomarkers and outcome are entirely attributable to kidney injury. We were unable to examine biomarker excretion rate because we did not have timed collections. Also, serum creatinine was not collected as frequently as other urine biomarkers after surgery. Finally, our cohort of adults was predominantly of Caucasian race; future studies should consider whether the results are the same other races.
In summary, early postoperative levels of urine IL-18 and plasma NGAL, biologic measures of kidney injury, were associated with AKI, mortality, and length of stay in the days after cardiac surgery. Although the biomarkers lacked outstanding classification for AKI, risk prediction may be a more relevant measure of performance for their clinical and research use. 26 Thus, future studies will need to determine how best biomarkers of AKI can be utilized to guide prognostication, resource use, and enrollment into trials of therapeutic intervention above and beyond our current clinical measures.
CONCISE METHODS
Study Population
We prospectively enrolled adults undergoing cardiac surgery (CABG or valve surgery) who were at high risk for AKI at six academic medical centers in North America between July 2007 and December 2009. High risk for AKI was defined by the presence of one or more of the following: emergency surgery, preoperative serum creatinine Ͼ 2 mg/dl (Ͼ177 mol/L), ejection fraction Ͻ 35% or grade 3 or 4 left ventricular dysfunction, age Ͼ 70 years, diabetes mellitus, concomitant CABG and valve surgery, or repeat revascularization surgery. We excluded patients with evidence of AKI before surgery, prior kidney transplantation, preoperative serum creatinine level Ͼ 4.5 mg/dl (Ͼ398 mol/L), or end-stage renal disease. Participants with multiple surgeries could only be enrolled in the study once. All participants provided written informed consent, and each institution's research ethics board approved the study. The reporting of this study follows guidelines set out in the Strengthening the Reporting of Observational Studies in Epidemiology statement (Supplementary Table 1 ).
Sample Collection
We collected urine and plasma specimens preoperatively and daily for up to 5 postoperative days. The first postoperative samples were collected soon after admission to the ICU. For the first 24 hours postoperatively, urine samples were collected every 6 hours. The remaining daily blood and urine samples were obtained at the time of routine morning blood collection done for clinical care. Specimen collection was stopped on postoperative day 3 in subjects who had not yet had an increase in serum creatinine. We obtained fresh urine samples from the urimeter of the Foley catheter system and centrifuged the samples at 3000g for 10 minutes to remove cellular debris. Blood was collected in EDTA tubes and was centrifuged to separate plasma. We aliquoted urine supernatant and plasma into bar-coded cryovials and stored the samples at Ϫ80°C until biomarker measurement. No additives or protease inhibitors were added.
AKI Biomarker Measurements
We measured the two urine biomarkers with the ARCHITECT assay (Abbott Diagnostics, Abbott Park, IL). We measured urine creatinine by the modified Jaffe reaction. The intra-assay coefficient of variation (CV) for the urine creatinine assay was 5%, whereas the CVs for the NGAL and IL-18 assays were approximately 5% and 8%, respectively. We performed the measurements in two batches, approximately 1 year apart. We also confirmed a high correlation between the Abbott platform and the ELISA method used in previous studies 7, 18 in 189 randomly selected samples (urine NGAL r ϭ 0.95; urine IL-18 r ϭ 0.89; P Ͻ 0.001).
We measured plasma NGAL using the Triage NGAL immunoassay in conjunction with the Triage Meter (Biosite, Inc., San Diego, CA) in two batches 7 months apart. The Triage assay has a detection range of 60 to 1300 ng/ml with a CV of 10% to 15%.
Personnel performing the biomarker measurements were blinded to each patient's clinical information. All biomarkers were measured from frozen aliquots that did not undergo any additional freeze-thaw cycles. Repeat measurement of randomly selected samples between the batches confirmed high correlation without any assay drift for all of the assays measured in two batches. Urine NGAL and IL-18 and plasma NGAL concentrations are stable at Ϫ80°C for 2 years without any protease inhibitors with a variability of 2% to 8% (unpublished data). 27, 28 Outcome Definitions
The primary outcome was the development of AKI, defined as receiving acute dialysis during the entire hospital stay or a doubling in serum creatinine from the baseline preoperative value (RIFLE 24 stage I or AKIN 25 stage 2 AKI). We also analyzed outcome of mild AKI, defined by a 50% increase in serum creatinine (RIFLE stage "R") or requirement of dialysis. All preoperative creatinine values were measured within 2 months before surgery. Pre-and postoperative serum creatinine levels were measured in the same clinical laboratory for each patient at all centers. Serum creatinine values were recorded for every patient throughout the hospital stay. Additional clinical outcomes were in-hospital mortality and length of in-hospital and ICU stay.
Variable Definitions
We collected preoperative characteristics, operative details, and postoperative complications using definitions of the Society of Thoracic Surgeons (http://www.ctsnet.org/file/rptDataSpecifications252_1_For VendorsPGS.pdf). We recorded whether the patient had received cardiac catheterization within 72 hours before surgery. We estimated preoperative GFR (eGFR) using the Chronic Kidney Disease Epidemiology Collaboration equation. 29 
Statistical Analysis
We divided the population into quintiles using the first postoperative value of urine IL-18, urine NGAL, and plasma NGAL, respectively. We assessed unadjusted linear trends by the Cochran-Armitage test for dichotomous outcomes, the Jonckheere-Terpstra test for continuous outcomes, and adjusted linear trends using contrasts in logistic or linear regression, respectively. Continuous variables were compared with a two-sample t test or Wilcoxon rank sum test and dichotomous variables with the 2 test or Fisher's exact test. We determined the adjusted odds ratios of AKI with mixed logistic regression with random intercepts for each center. We adjusted for important covariates that predict AKI in the cardiac surgery setting, 30 including patient demographics (age [per year], gender, white race), clinical risk factors (preoperative eGFR, hypertension, diabetes) and operative characteristics (elective or urgent procedure, use and duration of cardiopulmonary bypass [Ͼ120 minutes]). We used AUC to determine the ability of the biomarkers to discriminate between patients with and without AKI. We used receiver-operating characteristic regression to determine if the separation of the biomarker values between patients with and without AKI differed by chronic kidney disease (defined by an eGFR Ͻ 60 ml/min/ per 1.73 m 2 ), oliguria (urine output Ͻ 500 cc/24 h), or diabetes. 31 We quantified the improvement of biomarkers on AKI risk prediction with the NRI and IDI indices. 32 For NRI analyses, risk category definitions were based on clinical utility and the incidence of the outcomes in the study. For AKI, risk categories were classified as low (Ͻ3%), medium (3% to 10%), or high (Ͼ10%) and for mild AKI risk categories were classified as low (Ͻ10%), medium (10% to 20%), or high (10% to 20%) risk. We compared AUCs using the test developed by DeLong et al. 33 We used logistic regression models to estimate biomarker combinations (up to three biomarkers in each model) with crossvalidation (3-fold). 34 The discriminatory ability of the biomarker combinations was estimated with the AUC in the validation dataset. 35 Urinary biomarkers were not corrected for urine creatinine in primary analyses, but they were corrected for creatinine in sensitivity analyses. We performed the analyses in SAS version 9.2 (SAS Institute, Cary, NC) and R 2.10.1 (R Foundation for Statistical Computing, Vienna, Austria). (Table 4) 
